Introduction {#s0001}
============

Imaging procedures such as computer tomography CT or angiography require infusion of iodinated contrast agents intra-arterially or intravenously. While it is a safe procedure among individuals with normal renal function \[[@CIT0001],[@CIT0002]\], it becomes risky in patients with CKD (GFR \<60 mL/min) and diabetic patients \[[@CIT0003]\]. Contrast-induced nephropathy (CIN) is a common clinical problem, where it becomes the third leading cause of hospital-acquired AKI, accounting for 12--15% of all AKI due to the increasing use of contrast media in diagnostic and interventional procedures, \[[@CIT0006]\]. The incidence of CIN is about 20 and 50% in patients with serum creatinine levels above 2 mg/dL and 5 mg/dL, respectively \[[@CIT0003],[@CIT0010],[@CIT0013]\]. Additional predisposing risk factors for the development of CIN include diabetic nephropathy, advanced age, congestive heart failure, dehydration, use of NSAIDs or ACE-I, and high or repetitive doses of radiocontrast agent \[[@CIT0007],[@CIT0013],[@CIT0014]\]. The most common clinical course of contrast nephropathy is characterized by a rise in SCr beginning 24--48 h following exposure, peaking within 3--5 days, and resolving within 1--2 week \[[@CIT0015]\]. Besides its high prevalence, the mortality rate in diabetic patient who develops CIN can reach about 30% depending on the patient's preexisting characteristics and the physicochemical properties of the contrast agent \[[@CIT0003],[@CIT0005],[@CIT0007],[@CIT0013],[@CIT0016],[@CIT0017]\]. Despite the advances in medicine in general and critical care medicine of particular, AKI is still associated with high morbidity and mortality \[[@CIT0017]\]. This could be attributed poor understanding of the pathogenesis of CIN, and lack of effective treatment. Specifically, CIN is thought to occur due to a combination of factors, including hypoxia in the renal outer medulla due to perturbations in renal microcirculation and occlusion of small vessels, as well as cytotoxic damage to the tubules directly or via the generation of oxygen free radicals, especially since the concentration of the agent within the tubule is markedly increased. Another factor is transient tubule obstruction with precipitated contrast material \[[@CIT0020]\]. Concerning the therapy, several strategies have been suggested to encounter this problem. These include introduction of newer and safer contrast media, improvement of hydration protocols, and the introduction of additional preventive strategies such as N-acetyl-L-cysteine, erythropoietin, antioxidant enzyme mimetics, peroxisome-proliferator-activated receptor agonists, inhibitors of poly(ADP-ribose) polymerase, carbon monoxide-releasing molecules and other measures to enhance hypoxia inducible factors, statins, and adenosine \[[@CIT0018],[@CIT0019],[@CIT0027]\]. However, up to date the suggested treatments for CIN are partially effective, emphasizes the need for novel therapeutic strategies for CIN. To the best of our knowledge, the potentially beneficial effects of Carnitine and Phosphodiesterase 5 inhibitor (PDE5-I) on CIN have not yet been examined. However, there is increasing evidence that these agents may be beneficial against CIN in light of their antioxidant and vasodilatory activity \[[@CIT0030]\]. Thus, the current study examines whether carnitine or phosphodiesterase type 5 (PDE-5) inhibitor have potential nephroprotective effects against clinical contrast induced nephropathy as compared with N-acetyl-L-cysteine.

Materials and methods {#s0002}
=====================

This was a prospective, non-randomized, open-label, crossover study (randomized, blind) of the effects of I.V. Carnitine supplementation or P.O. tadalafil on renal function and kidney injury in CKD patients who undergo CT imaging that involves administration of radio contrast media. The study was approved by the Nazareth Hospital EMMS Human Research Review Committee and carried at Nazareth Hospital. All patients provided informed consent.

Inclusion criteria {#s0003}
------------------

Patients at age ≥18 years who have been diagnosed as suffering from chronic kidney diseases at stages 3--4 and confirmed by MDRD.

Exclusion criteria {#s0004}
------------------

Pregnant women, CKD patients at stage 5 or on dialysis, Patients with AKI, Patients with severe liver diseases, Patients with severe congestive heart disease, Inter-current illness such as fever, and patients with allergic rhinitis.

Study design {#s0005}
------------

The demographic and laboratory data of the studied patients are listed in [Table 1](#t0001){ref-type="table"}.

###### 

Demographic characteristics of studied patients.

  ------------------------------------------------------------------------------------------------
  Parameters/Treatment             N-acetyl-L-cysteine   Carnitine            Tadalafil
  -------------------------------- --------------------- -------------------- --------------------
  Number (*n*)                     15                    18                   12

  Age (Year)                       73.06 ± 1.63          72.4 ± 1.9           70.8 ± 3.5

  Gender\                          60/40%                55.6/44.4%           50/50%
  Male/Female                                                                 

  Basal serum creatinine (mg/dL)   1.56 ± 0.12           1.45 ± 0.09          1.73 ± 0.18

  Basal MDRD (mL/min)              44.8 ± 3.3            45.8 ± 3.2           37.8 ± 5.9

  Haptoglobin Hp1-1/2-1/2-2        7.70/30.80/61.50%     18.78/37.46/43.76%   16.68/41.66/41.66%
  ------------------------------------------------------------------------------------------------

The current study included three arms as follows: (1) N-acetyl-L-cysteine group (NAC + S, *N* = 15), in addition to saline, patients were given orally N-acetyl-L-cysteine at a dose of 600 mg twice daily, a day before, on the day of, and 1 day after the contrast administration contrast agent; (2) Carnitine group (Car + S, *N* = 18), in addition to saline, patients will be administered 20 mg/kg carnitine over 20 min 2 h prior to the administration of the contrast agent and 24 h post CT; (3) Phosphodiesterase type 5 inhibitor group (PDE5-I + S, *N* = 12), in addition to saline, patients were given orally 20 mg tablets of tadalafil 2 h prior to the radiocontrast administration and on the subsequent day. Urine and blood samples were collected before and at the following time sequence: 2, 6, 12, 24, 48, and 120 h after the administration of radiocontrast agent. Serum levels of creatinine (SCr) were also determined at 24, 48 and 120 h. CIN was defined as elevation of basal SCr by 0.3 mg/dL or by 50%. Urinary and circulatory levels of NGAL were determined by ELISA, beside Hp genotyping by means of electrophoresis.

Chemical and haematological analysis {#s0006}
------------------------------------

*Determination of NGAL:* This biomarker was determined in specimens of plasma that were stored at −80 °C until analysis. Blood specimens were collected aseptically into EDTA-containing tubes, centrifuged at 3000 rpm and serum separated and stored at −80 °C until testing. Plasma level of NGAL was measured with a commercially available ELISA kit purchased from Bio Porto Diagnostics (Gentofte, Denmark).

*Haptoglobin phenotype:* Haptoglobin phenotype was determined as described by Hochberg et al. \[[@CIT0035]\]. Briefly, serum (10 μL) was mixed with 2 μL of a 10% hemoglobin solution, and the samples were incubated for 5 min at room temperature to permit the haptoglobin-hemoglobin complexes to form. The haptoglobin-hemoglobin complex was resolved by polyacrylamide electrophoresis. The haptoglobin-hemoglobin complexes were visualized by soaking the gel in freshly prepared staining solution. The bands corresponding to the haptoglobin-hemoglobin complex were readily visible within 15 min. All gels were documented with photographs. Phenotypes Hp 1--1, Hp 2--2, and Hp 2--1 were distinguished by a characteristic pattern of bands representing the haptoglobin-hemoglobin complexes.

Statistical analysis {#s0007}
--------------------

Data are expressed as means ± SEM. Statistical significance was assessed by one-way analysis of variance (ANOVA) for repeated measures by using Prism 5. Tukey's multiple comparisons test was used for data point comparisons in each group. *p* ≤ 0.05 was considered statistically significant.

Results {#s0008}
=======

The average age of the studied three groups of patients was comparable ranging from 73.06 ± 1.63 to 72.4 ± 1.9 years ([Table 1](#t0001){ref-type="table"}). The male/female ratio was 60/40% in the N-acetyl-L-cysteine subgroup, 55.6/44.4% in the carnitine subgroup and 50/50% in the tadalafil subgroup. The basal SCr was 1.56 ± 0.12 mg/dL, 1.45 ± 0.09 mg/dL, and 1.73 ± 0.18 mg/dL in the N-acetyl-L-cysteine, carnitine and tadalafil subgroups, respectively. The basal eGFR according to MDRD formula was 44.8 ± 3.3 mL/min, 45.2 ± 2.9 mL/min and 37.8 ± 5.9 mL/min in the N-acetyl-L-cysteine, carnitine and tadalafil subgroups, respectively.

The impact of N-acetyl-L-cysteine, carnitine, and tadalafil on SCr and eGFR is depicted in [Figure 1](#F0001){ref-type="fig"}. Estimated GFR in patients pretreated with N-acetyl-L-cysteine was not changed throughout the follow up period. When patients were pretreated with carnitine, eGFR significantly increased after 2 h, but returned to basal values after that. Administration of tadalafil to CKD patients that were subjected to CM injection, did not affect neither basal eGFR nor throughout the studied time points.

![Effects of N-acetyl-L-cysteine, Carnitine and tadalafil therapy on serum creatinine (SCr, A) and estimated GFR (eGFR, B) in patients with CKD (*n* = 12--18) who were administered with radiocontrast as part of CT imaging. Scr levels were determined in blood samples drawn before and 2, 24, 48, 120 h after radiocontrast administration.](IRNF_A_1669459_F0001_B){#F0001}

Basal urinary NGAL levels were not statistically different between the studied subgroups, although it was slightly higher in the tadalafil group (*p* = 0.09). Administration of radiocontrast media to patients with CKD who were pretreated with N-acetyl-L-cysteine induced a significant increase in urinary NGAL, but not of plasma NGAL ([Figure 2)](#F0002){ref-type="fig"}. Specifically, urinary NGAL increased from basal value of 181.1 ± 57.9 ng/mg Creatinine to 608.9 ± 234.9 ng/mg creatinine (*p* \< 0.05) after 12 h, and to 462.1 ± 181.1 (*p* \< 0.05), after 24 h and remained elevated, although to a lesser extent, after 48 and 120 h ([Figure 2)](#F0002){ref-type="fig"}. In contrast, pretreatment with carnitine prior to contrast media abolished the increase in urinary NGAL throughout the collection periods in parallel to slight improvement in eGFR and reduction in SCr below basal levels after 2 h ([Figure 2)](#F0002){ref-type="fig"}. Similarly, administration of tadalafil slightly reduced the elevation in contrast-induced urinary NGAL at 24, 48 and 120 h, but did not affect plasma NGAL ([Figure 2)](#F0002){ref-type="fig"}. However, it should be emphasized that this subgroup of patients started with higher levels of urinary NGAL as well as SCr and eventually lower eGFR ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}).

![Effects of radiocontrast administration on urinary (A) and plasma (B) NGAL levels in patients with CKD treated with -acetyl-L-cysteine (*n* = 15), Carnitine (*n* = 18) and tadalafil (*n* = 12) prior to intravenous administration of radiocontrast media. Urinary NGAL levels were determined before and 2, 6, 12, 24, 48, 120 h after radiocontrast administration, whereas in the blood before and 2, 24, 48, 120 h after the media injection.](IRNF_A_1669459_F0002_B){#F0002}

*Haptoglobin phenotype:* This protocol was designed in order to examine whether Hp phenotype affects contrast-induced kidney dysfunction in CKD patients. [Figure 3](#F0003){ref-type="fig"} depicts the distribution of Hp gene polymorphism among the studied CKD patients in all groups and inside each group. Among all studied patients, Hp1-1, Hp2-1, and Hp 2--2 distribution was 14.6%, 36.6% and 48.8%, respectively. Among the CKD patients in the N-acetyl-L-cysteine group, 7.7% were Hp 1--1, 30.8% were Hp 2--1, and 61.5% were Hp 2--2. In the CKD patients in the carnitine group, 18.78% were Hp 1--1, 37.46% were Hp 2--1, and 43.76% were Hp 2--2. Finally, among the CKD patients in the tadalafil group, 16.68% were Hp 1--1, 41.66% were Hp 2--1, and 41.66% were Hp 2--2.

![Distribution of haptoglobin phenotype among the studied CKD patients (A) and the various subgroups treated with acetyl-L-cysteine, Carnitine and tadalafil (B).](IRNF_A_1669459_F0003_C){#F0003}

The impact of Hp genotype on eGFR response to CM in the presence of N-acetyl-L-cysteine, carnitine, and tadalafil pretreatment is presented in [Figure 4](#F0004){ref-type="fig"}. Basal eGFR was slightly lower in Hp 2--1 and Hp 2--2 as compared with Hp 1--1. As may be noticed in [Figure 4(A)](#F0004){ref-type="fig"}, the impact of CM on eGFR in N-acetyl-L-cysteine pretreated patients was deleterious in Hp 1--1 genotype, but not in patients with Hp 2--1 and 2--2, who benefited from such preparation. In [Figure 4(B)](#F0004){ref-type="fig"}, it is obvious that carnitine pretreatment was nephroprotective in patients with Hp 1--1 and Hp 2--1 genotypes, but not Hp 2--2. When patients were pretreated with tadalafil, neither Hp 1--1 nor Hp 2--1 were benefited from this pretreatment, but Hp 2--2 patients did ([Figure 4(C))](#F0004){ref-type="fig"}.

![Effect of Haptoglobin genotype on (A) Scr and (B) eGFR in patients with CKD treated with either acetyl-L-cysteine (*n* = 15), Carnitine (*n* = 18) or tadalafil (*n* = 12) prior to intravenous administration of contrast media. [Figure 4](#F0004){ref-type="fig"}: Effect of Haptoglobin genotype on (A) urinary NGAL and (B) Plasma NGAL levels in patients with CKD treated with either acetyl-L-cysteine, Carnitine or tadalafil prior to intravenous administration of contrast media. Urinary NGAL levels were determined before and 2, 6, 12, 24, 48, 120 h after radiocontrast administration, whereas in the blood before and 2, 24, 48, 120 h after the media injection.](IRNF_A_1669459_F0004_B){#F0004}

The alterations in urinary NGAL in response to IV radiocontrast injection in the various subgroups of patients according to their Hp phenotype are depicted in [Figure 5](#F0005){ref-type="fig"}. As can be noticed, the increase in urinary NGAL in response to radiocontrast administration in the presence of N-acetyl-L-cysteine pretreatment was more prominent in patients with Hp 1--1 and Hp 2--1 genotype throughout the experiment, but not in Hp-2--2 ([Figure 5(A))](#F0005){ref-type="fig"}. Carnitine therapy prevented the increase in urinary NGAL in all groups of Hp genotypes ([Figure 5(B))](#F0005){ref-type="fig"}. Interestingly, tadalafil not only prevented the increase in urinary NGAL excretion in Hp 1--1 and Hp 2--1 subgroups of patients administered with IV radiocontrast, it decreased U~NGAL~ regardless the Hp genotype ([Figure 5(C))](#F0005){ref-type="fig"}.

![Effect of Haptoglobin genotype on (A) urinary NGAL and (B) Plasma NGAL levels in patients with CKD treated with either acetyl-L-cysteine (*n* = 15), Carnitine (*n* = 18) or tadalafil (*n* = 12) prior to intravenous administration of contrast media. Urinary NGAL levels were determined before and 2, 6, 12, 24, 48, 120 h after radiocontrast administration, whereas in the blood before and 2, 24, 48, 120 h after the media injection.](IRNF_A_1669459_F0005_C){#F0005}

Discussion {#s0009}
==========

So far, there is no preventive prophylactic therapy for CIN. The main approach relies on monitoring renal function as reflected by SCr and eGFR values before and once daily for 5 days after the radiographic procedure in patients at risk especially those with impaired kidney dysfunction and diabetic subjects. In addition, it is recommended to discontinue potentially nephrotoxic medications, such as NSAIDs, diuretics, sodium glucose cotransporter-2 (SGLT2) inhibitors, to apply low volume of radiocontrast media, to encourage oral or intravenous hydration, and to administer N-acetyl-L-cysteine into high-risk patients \[[@CIT0015]\]. The nephroprotective efficacy of additional pharmacological prophylaxis for CIN was tested including antioxidant strategy, inhibition of renal vasoconstriction, as monotherapy or in combination \[[@CIT0027]\]. Likewise, pharmacological interventions with furosemide, mannitol, calcium channel blockers, dopamine, and fenoldopam, did not yield significant benefit for the prevention of CIN and even in certain circumstances aggravated renal damage \[[@CIT0036]\]. Regardless the sporadic minor beneficial effects of N-acetyl-L-cysteine, ascorbic acid (vitamin C), and statins, currently there is no well-established pharmacological prophylactic approach to prevent the development of CIN in patients at high risk. As mentioned before, this discouraging could be attributed to our poor understating of the cellular and molecular mechanisms underlying CIN. The latter is largely attributed to: i. reduction in medullary blood flow which leads to hypoxia, ii. Direct tubule cell damage and iii. The formation of reactive oxygen species \[[@CIT0015],[@CIT0027]\].

The present study provides new insights into the mechanisms underlying renal damage in response to intravenous administration of radiocontrast into CKD patients and the potential nephroprotective effects of either carnitine or PDE-5 inhibitors against CIN in these patients. We showed that administration of radiocontrast to patients with CKD, who were pretreated with N-acetyl-L-cysteine caused a significant increase in urinary NGAL, but not of plasma NGAL and SCr, probably secondary to extensive hydration that may dilute the plasma and subsequently masking potential elevated circulatory NGAL or SCr. In contrast, when these patients were pretreated with carnitine prior to CM, urinary NGAL was not increased during the follow-up time. In addition, carnitine therapy reduced SCr below basal levels after few hours from the contrast injection. Similarly, administration of tadalafil attenuated contrast-induced elevation in urinary NGAL, but did not affect neither plasma NGAL nor Scr. These findings indicate that carnitine and PDE-5 inhibitors may comprise potential prophylactic therapies for contrast-induced nephropathy.

The nephroprotective, at least at the injury level, of carnitine and tadalafil are not surprising in light of the reported anti-oxidative and anti-inflammatory properties of these compounds. In this context, experimental studies shows that L-propionylcarnitine, a propionyl ester of L-carnitine, was able to prevent cyclosporine-induced acute nephrotoxicity, reducing lipid peroxidation, lowering blood pressure and preventing renal hypofiltration in animals treated with cyclosporine for long-term \[[@CIT0039]\]. Patients treated with carnitine displayed improved physical performance and treatment-related chronic fatigue, cardiovascular disease, cancer, diabetes, and other chronic syndromes, caused by impaired carnitine production in kidney disease \[[@CIT0030]\]. In the last decade there are increasing reports describing the beneficial use of carnitine for a better energy metabolism (mitochondrial metabolism), increases albumin and protein levels, restores antioxidant defenses, improving nutritional status, cardiac, vascular smooth muscle, and muscular function \[[@CIT0040]\]. The postulated beneficial effect of carnitine treatment is by directing lipids towards oxidation and ATP production. Another possible protective effect of carnitine on contrast media induced lesions is its ability to suppress the development of oxidative stress and free radical generation \[[@CIT0031]\]. Free radicals, and in particular hydroxyl radical, lead to lipid peroxidation of cell membranes, causing degradation of phospholipids results in increased production of vasoconstrictors \[[@CIT0041]\], what might be another indirect factor stands behind contrast media induced vasoconstriction. In patients with CKD, the carnitine balance and mitochondrial β-oxidation are disruptive, mainly due to the decline of the GFR \[[@CIT0042]\]. This may cause several metabolic disturbances at the cellular level, including impaired mitochondrial fatty acid oxidation and energy production, accumulation of toxic acyl moieties, and inhibition of key enzymes of metabolic pathway \[[@CIT0043]\]. These metabolic abnormalities may lead to the several clinical alterations often observed in these patients, such as muscle weakness and myopathy, loss of body protein and cachexia, insulin resistance and glucose intolerance, plasma lipid abnormalities, anemia refractory to erythropoietin treatment, cardiomyopathy, and intradialytic symptoms \[[@CIT0044],[@CIT0045]\], thus may explain the higher risk these patients are found for contrast-induced AKI, as was evident by enhanced urinary NGAL excretion.

Concerning phosphodiesterase 5 inhibitor, there is increasing evidence that this family, including sildenafil, vardenafil and tadalafil, have broader effects than vasodilation, most likely due their ability to inhibit the breakdown of cGMP, the second messenger of nitric oxide and natriuretic peptides \[[@CIT0033],[@CIT0046]\]. Since, experimental studies have demonstrated that PDE5 inhibitors, improve endothelial function \[[@CIT0047]\], and reduce remarkably the infarct size in rat model of myocardial infarction \[[@CIT0048],[@CIT0049]\], it is appealing to assume that these inhibitors may possess nephroprotective effects in AKI setting too, including contrast-induced renal injury. Indeed, few studies have demonstrated that PDE5 inhibitors exert renal beneficial effects in I/R rat model \[[@CIT0050],[@CIT0051]\], and post cardiopulmonary bypass AKI in swine \[[@CIT0052]\]. While, these studies examined the effect of pretreatment PDE-5 inhibitors such as tadalafil and sildenafil on renal histology, oxidative stress or kidney function, none of them examined the impact of carnitine or PDE-5 inhibitors on the more sensitive biomarkers of AKI, namely NGAL and KIM-1, in AKI setting. Therefore, the present study expand previous ones by examining whether tadalafil or carnitine exerts nephroprotective effect in CKD patients undergoing CT imaging which involves CM administration, by measuring kidney function, urinary NGAL, besides SCr and eGFR. Our results clearly demonstrate that both tadalafil and carnitine abolished the elevation in urinary NGAL excretion in patients administered with CM, suggesting a nephroprotective effect of these agents against contrast media-induced AKI. The mechanisms underlying the beneficial effects of PDE5 inhibitors in CKD patients could be attributed to improvement in endothelial function, attenuation of the inflammatory status and oxidative stress, a hallmark feature in CKD.

Unfortunately, the interaction between the Hp genotype and CIN was not studied in predialytic CKD patients. Thus, the current study is the first, to the best of our knowledge, to examine whether Hp genotyping affects the renal susceptibility o CM on one hand and which subgroup of patients may enjoy potential nephroprotective effects of tadalafil or carnitine. It has been shown that the Hp 1--1 protein is superior to the Hp 2--2 protein in this antioxidant function \[[@CIT0053],[@CIT0054]\]. In line with this assumption, longitudinal cohort studies have shown that diabetic patients carrying the Hp2-2 type are more vulnerable for oxidative stress injury \[[@CIT0055]\]. In agreement with this notion and the inferiority of Hp 2--2 as antioxidant, we demonstrated that patients who were pretreated with N-acetyl-L-cysteine, carnitine, or tadalafil displayed attenuated urinary NGAL excretion response to CM, as compared with other Hp genotypes.

Despite the findings of the current study it has few limitations such as low number of patients in each group, using a single marker of AKI, i.e., NGAL, using patients who received NAC as control group rather than saline, and there was no differentiation between CKD subgroups due to the low number of patients.

In summary, as expected administration of radiocontrast into patients with CKD induced kidney injury as was evident by enhanced urinary excretion of NGAL/When these patients were pretreated with carnitine or PDE-5 inhibitors this CM-induced deleterious effect was abolished. Moreover, patients who are of Hp 2--2 genotype may benefit from this maneuver as compared with Hp 1--1 and Hp2-1, suggesting carnitine and tadalafil (PDE-5 inhibitor) may serve a prophylactic therapy approaches for CIN, especially in patients with Hp 2--2 genotype.
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